Fossil material -The fossil specimens come from Messel, near Darmstadt, Germany. They are preserved in oil shales accumulated in a lake and nearby at Messel Site SMF-7. Site SMF-7 is composed of clastic sediments, in contrast to the oil shales, and may represent a fl uvial " infl ow " ( Collinson, 1988 ) . The oil shales have been dated to ca. 47 million years (Middle Eocene; Geisaltalian) in age ( Mertze and Renne, 2005 ) . Messel has long been recognized as a site of exceptional preservation, with a diversity of insects, mammals, and plants preserved in great detail ( Wilde, 1989 ; Schaal and Ziegler, 1992 ; Schaal, 2005 ) , and was accordingly named a UNESCO World Heritage Site in 1995 ( Schaal, 2005 ) . Messel represents a Middle Eocene lake environment, though most, if not all, of the fossil plants are from the nearby shore and are not aquatic ( Schaal and Ziegler, 1992 ) . Several monocots have been identifi ed at this locality from macrofossils (e.g., Cyclanthus Poit. ex A. Rich. fruits and seeds, palms, and aroid leaves); others are yet to be examined in detail ( Collinson, 1988 ( Collinson, , 1996 Wilde, 1989 Wilde, , 2004 Schaal and Ziegler, 1992 ; Wilde et al., 2005 ; Smith et al., 2008 ) .
Specimens are housed at the Forschungsinstitut und Naturmuseum Senckenberg, Frankfurt am Main, Germany (numbered with the prefi x SM.B.Me). Fifty-two infructescences and 108 isolated fruits have been collected from the Messel oil shales. The specimens are stored in glycerol to prevent desiccation. One infructescence (Sm.B.Me 4642) was embedded under vacuum in LR White resin (London Resin Company, Reading, UK) and sectioned with a microtome; however, resin did not penetrate deeply into the infructescence, resulting in only the edges remaining in the sections, with the central portion missing.
For electron microscopy, specimens were cleaned of adherent siliciclastics with a brief treatment in HF, neutralized, and dried naturally in air. For scanning electron microscopy (SEM), specimens were then mounted on stubs using glue (Bostick; Bostik Ltd., Leicester, UK) on a cover glass or self-adhesive pads. The fruits in Fig. 4F -H were coated with gold in a Polaron sputter coater and examined using a Cambridge S600 SEM and a Philips 501B SEM (both decommissioned; formerly at Senckenberg Museum and King ' s College, London, respectively). One fruit ( Fig. 4J, 4K ) and some pollen material were coated with platinum using an Emitech K550 sputter coater (Emitech, Ashford, UK) and observed using a Hitachi SEM S-4700-II (Hitachi High Technologies Corp., Tokyo, Japan) at the Royal Botanic Gardens, Kew. For transmission electron microscopy (TEM), specimens were embedded in Spurr resin (Agar Scientifi c Ltd., Stanstead, UK). Sections 60 nm thick were cut with a Diatome (Diamond AG; Biel, Switzerland) diamond knife using a Riechert Ultracut E ultramicrotome (Leica Microsystems, GmbH, Wetzlar, Germany) and examined unstained using a Hitachi H-7600 TEM.
Epifl uoresence light microscopy (LM) imaging for Messel fossils was developed by Friedemann Schaarschmidt ( Schaarschmidt, 1982 ) . This technique takes advantage of pollen and cuticle autofl uorescence to enable imaging of pollen and cuticles in situ without preparation, thus avoiding any damage to the fossils. Macrofl uorescence (see Smith et al., 2008 for details) was used but did not reveal any fl uorescent cuticle. Microfl uorescence observation and imaging (as used in Fig. 1I, 1J ) was undertaken on a Zeiss (Carl Zeiss, Oberkochen, Germany) standard laboratory microscope with a 436 nm exciter fi lter, a 460 nm beam splitter and a 470 nm barrier fi lter (blue-violet fi lter set) using a mercury high pressure lamp (HB0 50) light source in a Zeiss epifl uorescence condenser IV FI. Color images were captured on Kodak (Eastman Kodak, Rochester, New York, USA) Ektachrome 400ASA slide fi lm.
SRXTM imaging was performed at the TOMCAT beamline ( Stampanoni et al., 2006 ) , Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland to reveal details of internal structure. Two fruits from Sm.B.Me 17982 were removed, dried, and mounted onto brass stubs using diluted polyvinyl acetate glue. Two infructescences (Sm.B.Me 4758 and 20192) and an isolated fruit (Sm.B.Me 4313) still in the oil shale were also imaged while immobilized at the base with foam in a plastic tube. Data were acquired using the 4 × , 10 × , or 20 × objectives on an X-ray microscope, and an exposure time 180 -700 ms at 19.8 keV for Messel specimens still in oil shale and 10 keV for specimens clear of oil shale. A total of 1501 projections were acquired over 180 ° . Projection data were processed, and corrected sinograms were then used for reconstruction. Reconstructed images were processed using the program Avizo 5.0 (Mercury Computer Systems, Courtaboeuf, France). Images were captured in Avizo itself and then processed in Adobe (San Jose, California, USA) Photoshop CS for Mac OS X. Measurements of fruit wall thicknesses were made from digital transverse sections through the center of each fruit.
In addition, fruits from four species of Caricoidea were examined. Material of C. angulata Chandler comes from the Lower Miocene open mine of Ostheim, Kassel, Germany (personal collection of M.E.C). Caricoidea arnei Chandler (Natural History Museum, London specimen #V40422a) is from the ( Figs. 2F, 3B, 3C ) . It is ca. 250 nm thick and near the base has a series of holes appearing narrow and elongate in section ( Figs. 2F, 3B, 3C ). The aperture area has a lamellate structure ( Fig. 3C ).
Fruits -Isolated fruits are also found at Messel (e.g., Fig.  4A , 4B, 4F -H ). More than 100 fruits have been found so far in the oil shale. Isolated fruits are 1.4 -2.2 mm in maximum length and 1.1 -2.2 mm in maximum width ( Fig. 4A, 4B ). Fruits are obovoid with a mucronate apex ( Fig. 4A, 4B, 4D ) and truncate base pierced by a large central foramen ( Fig. 4C ) in which a parenchymatous plug is found ( Fig. 5A , arrow) . The fruit wall is three-layered ( Figs. 4E, 4F , 4I, 4J, 5A -C ). The epicarp is a single cell layer thick and, when preserved, appears as a shiny black layer on the outer surface of the fruits, sometimes wrinkled, composed of elongate cells with sinuous margins ( Fig.  4I ) . Of the three fruit layers, the mesocarp is the lightest in color (mid-orange brown) in hand specimens. It is composed of pitted parenchymatous cells ( Fig. 4I -K ) and cuts easily. The mesocarp is up to 425 µ m thick in cross section, though sometimes distorted by compression, and frequently appears to have two thicker lateral lobes ( Figs. 4I, 5C ). Cells are more or less equiaxial. The sclerotic endocarp is up to 210 µ m thick and black in hand-cut specimens. It is urceolate with an apical mucro ( Fig.  4G, 4H ) and narrows to a basal neck 5A , 5B ). Individual cells are more or less equiaxial and very hard to discern ( Fig. 4I, 4J ). The single seed per fruit has basal placentation and is preserved as a cuticle ( Figs. 4E, 5A ).
Comparative material -Fossil Caricoidea -We examined isolated fruits from four species of Caricoidea ( C. angulata , C. arnei , C. jugata , and C. obscura ) for comparison with Volkeria . In general, we observed that Caricoidea fruits have a relatively thick, thin-walled mesocarp and sclerotic endocarp ( Fig. 5D -K ) . All fruits have endocarps with an apical mucro, constriction at the base, and a basal plug ( Fig. 5D , 5F, 5H, 5J ). Fruits of C. angulata are variable in shape but are relatively globose and taller than they are broad (ca. 2 mm high and 1.5 mm at their widest) and appear somewhat bilateral. In digital sections obtained with SRXTM, a single-cell thick epicarp is visible but incomplete ( Fig. 5D, 5E ). The mesocarp is up to ca. 480 µ m thick in transverse section, while the endocarp is ca. 190 µ m thick in transverse section. The specimen examined is more or less diamond-shaped in transverse section ( Fig. 5E ) .
Fruits of Caricoidea arnei measure ca. 1.7 mm high and 1.5 mm at their widest, appearing almost equidimensional, although fruit compression (which was signifi cant) may be skewing the values. There is a more prominent apical mucro than in the other Caricoidea species examined. The specimen we examined with SRXTM has little remaining epicarp and a thick mesocarp, up to ca. 340 µ m in transverse sections ( Fig. 5F, 5G ). Endocarp is up to ca. 120 µ m thick in transverse section. The fruit appears to be bilateral with two lateral lobes of mesocarp ( Fig. 5G ) , although it is diffi cult to determine how much of this is a preservational artifact.
Caricoidea jugata fruits measure ca. 2.1 mm high and 1.4 mm at their widest, appearing taller than they are wide and with noticeable angles to the fruit. The fruit examined with SRXTM is triangular in cross section. Epicarp is preserved as a single cell layer ( Fig. 5H, 5I ). Mesocarp is up to ca. 400 µ m in transverse section ( Fig. 5I ) and appears thickest at the apical part of the fruit ( Fig. 5H ) . The specimen examined with SRXTM is distinct from the other species in having an endocarp nearly Paratypes -Infructescences -Sm.B. Me 2099 Me , 2100 Me a & b, 2101 Me , 2102 Me , 2104 Me , 2105 Me , 2106 Me , 2107 Me , 2108 Me a & b, 2109 Me , 2110 Me , 2559 Me , 2659 Solitary fruits -Sm.B. Me 2208 Me , 2219 Me , 2220 Me , 2221 Me , 2222 Me , 2223 Me , 2224 Me , 2227 Me , 2624 Me , 2627 Me , 2633 Type locality, stratigraphy, and age -Messel oil shales, Germany; Messel Formation, Middle Eocene (Geisaltalian; Lutetian)
Etymology -The genus Volkeria is named in honor of Dr. Volker Wilde for his work on the Messel fl ora. The specifi c epithet recognizes that the fossils come from the Messel locality, Germany.
Description -Infructescence -More than 50 specimens of partial or whole infructescences have been recognized from the Senckenberg collections. Fruits are spirally arranged in densely condensed spikes that are oblong, 4.0 -8.2 mm wide × 3.7 -12.0 mm long, pedicellate ( Fig. 1A -G ) , and have been compressed ( Fig. 1G ) . We observed 11 infructescence specimens with a pedicel (Sm.B. Me 2107 Me , 2099 ; of these, the longest pedicel is 13 mm, and the basal 2.5 mm appears swollen ( Fig.  1A ) . Stamens are present in various positions (basal, middle, and apical) of the infructescence in fi ve specimens (Sm.B.Me 5075, 18123, 18177, 19802, 23215) . Fruits are spirally arranged and imbricate, appearing ovoid or diamond-shaped in apical view ( Fig. 1A -F, 1H ). Between 8 and 35 fruits are visible on the exposed portions of the infructescences ( Fig. 1A , 1B, 1E ), implying a total of at least 16 -70 fl oral units in the complete spike. There are no discernable structures (such as bracts or perianth remnants) among or subtending the fruits ( Fig. 1A -H ).
Stamens and pollen -Five specimens showed evidence of persistent stamens ( Fig. 1H ). Anthers are tetrathecate ( Fig. 1J ), up to 1.5 mm long, and typically occurred in groups of three ( Fig. 1H , arrows) . Pollen has a central arrangement (sensu Kirpes et al., 1996 ) Where the orbicular layer is removed, the surface of the pollen grain is psilate ( Fig. 2G ). The pollen wall is not clearly divided into a foot layer, infractetum, and tectal layer single-cell layer thick epicarp remains, and the majority of the fruit is composed of thick (up to ca. 470 µ m in transverse section) mesocarp ( Fig. 5J, 5K ). Endocarp is ca. 100 µ m thick in transverse section. The fruit does not have angles in transverse section ( Fig. 5K ) .
indistinguishable from the mesocarp ( Fig. 5H, 5I ). The endocarp is quite thin, only up to ca. 100 µ m in transverse section.
Fruits of Caricoidea obscura are the smallest we studied, with a very globose appearance and measuring ca. 1.5 mm high and 1.2 mm at their widest. SRXTM reveals that some of the on Hypolytrum Rich., which has a similar infructescence morphology to our fossil, were sparse. Thus, we investigated some representatives for comparison with the fossil material. Pollen of Hypolytrum is spherical and has a distinct single ulcerate aperture ( Fig. 2H, 2J ) . Pollen of H. nudicaule is 15 -20 µ m in diameter. The pollen grains have a rugulate microreticulate sculpturing ( Fig. 2J ) and collapse readily ( Fig. 2H ) . The inner anther wall is covered with orbicules that range in size from 0.5 -1 µ m in H. nudicaule to 3.4 µ m in H. purpurascens ( Figs. 2I, 3D ). Pollen wall is tectate-columellate, ca. 0.76 -1.12 µ m thick; the foot layer is 0.32 -0.40 µ m thick. The tectum appears granular in section ( Fig. 3E, 3F ). There is a series of holes in the foot layer that are narrow and elongate in section ( Fig. 3E ) . The aperture area has a lamellate structure ( Fig. 3F ) , as in the fossil.
Fruits of mapanioid sedges (and one nonmapanioid) were scanned using SRXTM to give us anatomical as well as morphological details for comparisons. The single nonmapanioid examined is a fruit of Nemum acuminatum that is ca. 1 mm tall Modern sedge material -Herbarium specimens at Kew were surveyed for comparison with the Messel fossils. Mapanioid sedges are the most similar to the fossils and were studied in more detail than nonmapanioid sedges. Mapanioid infructescences are spikes of fruits. While many have prominent bracts and perianth parts (e.g., Lepironia Rich. and Diplasia Rich.), in some taxa these are obscured by mature fruits, such as in Hypolytrum nemorum ( Fig. 6A ) . The specimen of H. nemorum shown here is an oblong infructescence with 27 fruits, ca. seven fruits visible in cross sections ( Fig. 6B ) and 12 -14 in side view ( Fig. 6A ) or longitudinal section ( Fig. 6C ) . Bract/perianth parts are thin ( Fig. 6B ) and at some levels are closely adpressed to the fruits and diffi cult to see (compare Fig. 6C and 6D ) . Simpson et al. (2003) undertook a survey of mapanioid pollen. Most Cyperaceae have wedge-shaped pseudomonad pollen with an indistinct aperture, but some mapanioids of the tribe Hypolytreae have Mapania -type pollen that is spheroidal, thick-walled, and has a distinct ulcerate aperture ( Simpson et al., 2003 ) . Data µ m thick) with two small, lateral lobes (up to 200 µ m thick) ( Fig. 6G, 6H ). The apex of the fruit is an elongate, narrow beak. The endocarp has a prominent, thick mucronate apex and is ca. 135 µ m thick in transverse section. The outer cells of the endocarp have a more columnar shape than the inner cells.
Fruits of Hypolytrum heterophyllum have a mesocarp with relatively large-diameter cells and are thicker at the fruit apex ( Fig. 6I ) . The mesocarp is up to ca. 140 µ m thick in transverse section. Endocarp is rugose in outline and up to ca. 175 µ m and 0.4 mm wide with a thin fruit wall (ca. 30 µ m thick in transverse section) ( Fig. 6E, 6F ). The Nemum fruit lacks a distinct mesocarp and endocarp, an apical beak, and a basal plug in contrast to the other fruits studied.
In general, the modern mapanioid fruits that we examined have a well-developed apical beak, a distinct parenchymatous mesocarp and sclerotic endocarp, an endocarp with an apical mucro and basal constriction, and a basal plug ( Fig. 6G -P ) . The fruit of Lepironia articulata has a very thin mesocarp (ca. 20 ous cells) ( Fig. 6M, 6N ). There is also an inner ring of idioblasts defi ning an inner zone, as in Hypolytrum and M. effusa . In contrast to the other taxa examined here, the endocarp in M. palustris does not have the same type of basal constriction on the outer part of the endocarp; instead, it tapers gradually to the base. Also, the inner part of the neck is fl ared toward the base, unlike the other taxa with cylindrical necks. The fruit is circular in cross section ( Fig. 6M ) .
The fruit of Mapania effusa gradually terminates in an apical beak. The mesocarp is thick at the apex and has large-diameter cells ( Fig. 6O, 6P ). The mesocarp is up to ca. 255 µ m thick in transverse section. The boundary between the mesocarp and endocarp is not as distinct as in the other taxa examined. The endocarp is up to ca. 230 µ m thick. In transverse section, the fruit has a bilateral appearance, with two lateral lobes or ridges of both mesocarp and endocarp ( Fig. 6P ) . thick ( Fig. 6I, 6J ) . In transverse section, the fruit has a slight bilateral shape ( Fig. 6J ) , and there is a distinct inner zone defi ned by a layer of idioblasts. Hypolytrum nemorum is similar to H. heterophyllum . The parenchymatous mesocarp is up to ca. 165 µ m thick and composed of relatively small cells ( Fig. 6K, 6L ). The endocarp is rugose and less regular than that of H. heterophyllum . There is a distinct inner zone defi ned by a layer of idioblasts. The endocarp is up to ca. 235 µ m thick. The fruit is oval in transverse section ( Fig. 6L ) .
Mapania palustris has a fruit with a uniformly thick mesocarp, only slightly thicker at the apical beak ( Fig. 6M, 6N ). The mesocarp is up to ca. 175 µ m thick, and the endocarp up to ca. 410 µ m thick in transverse section. The endocarp is quite distinct from the other fruits, not only its extreme thickness, but also because of an outer layer of idioblasts (possibly tanninifer- The pollen found in the fossil infructescences is consistent with a placement within Mapanioideae, tribe Hypolytreae. In other Cyperaceae, pollen is dispersed as wedge-or pear-shaped pseudomonads with a single, often indistinct, aperture ( Simpson et al., 2003 ) . In contrast, in tribe Hypolytreae, pollen is of the Mapania -type, being spheroidal with a distinct ulcerate aperture ( Simpson et al., 2003 ) . The central pollen arrangement seen in the fossil is consistent with that observed in mapanioid sedges ( Kirpes et al., 1996 ; Simpson et al., 2003 ) , in contrast with the peripheral arrangement of most sedges and grasses ( Kirpes et al., 1996 ) . Observations by Simpson et al. (2003) suggested that the pollen wall in tribe Chrysitricheae has a granular structure, in contrast with the columellar structure of tribe Hypolytreae. The fossil pollen grains resemble those of Hypolytrum in possessing similar wall structure, a lamellate aperture, and orbicules present both on the pollen grains and lining the anther locule ( Figs. 2 and 3 ) . Pollen wall structure of both the fossil and Hypolytrum are similar in the presence of narrow, elongate holes in section in the foot layer (compare Fig. 3B and 3E ). The differences that we have observed in the fossil orbicules and pollen wall structure could be developmental, or (more likely) they could represent a real taxonomic feature. A broader survey of pollen from tribe Hypolytreae and an examination of mutants and developmental series of Hypolytrum might help to explain the lack of columellae in the fossil pollen grains.
Within Mapanioideae, fruits vary in morphology. Fruits of tribe Chrysitricheae ( Chorizandra R. Br., Capitularina Kern, Lepironia , Chrysitrix L., Exocarya Benth.) differ from the fossils in being ribbed and/or dorsiventrally compressed ( Goetghebeur, 1998 ) . Interestingly, the Lepironia fruit that we examined using SRXTM also has a much thicker and longer apical mucro on the endocarp than does the fossil, and the mesocarp is much thinner. Within Hypolytreae, Scirpodendron Zipp. ex Kurz, Paramapania Uitten, Principina Uitten, and Diplasia differ in gross morphology from the fossil fruits of Volkeria . In particular, fruits of Scirpodendron are large, sculptured, and corky, and quite unlike the fossils. Paramapania fruits are subteretetrigonal, and the endocarp is constricted and ridged in the basal half of the fruit. Fruits of Principina and Diplasia are lenticular, and Principina fruits are also three-ribbed. Mapania Aublet and Hypolytrum encompass a wide variety of fruits and are the two genera with fruits most structurally similar to the fossil. It should be noted also that Hypolytrum and Mapania may not represent separate genera, because some phylogenetic analyses show they form nonmonophyletic groups within tribe Hypolytreae ( Simpson et al., 2003 ) . Therefore, some of the observed similarities between fruits of the two genera (e.g., between H. heterophyllum ( Fig. 6I, 6J ) and M. effusa ( Fig. 6O, 6P ) could refl ect the need to reinvestigate the boundaries of these taxa.
DISCUSSION
Comparison with modern taxa -The fossil infructescences of Volkeria messelensis superfi cially resemble those of some Araceae (e.g., Mayo et al., 1997 ) . However, fruits of Araceae are fl eshy berries. In contrast, the fruits of Volkeria have a thin epicarp, a fl eshy mesocarp, and hard endocarp. They are fully preserved, with no fl eshy layers missing, as demonstrated by both the anatomy and the fact that there are no gaps left by disintegrated tissue layers in the infructescence. These fruits are quite unlike the fl eshy berries of Araceae that never have a hard inner fruit layer. In addition, the pollen observed in situ is unlike that of Araceae. The pollen grains of Volkeria are spherical, monoaperturate, and covered in orbicules. Aroid pollen is variable and can have globose, ellipsoid, or hamburger-shaped grains, typically 25 -50 µ m in size with apertures ranging from sulcate, zonasulcate, dusulcate, forate, or inaperturate ( Mayo et al., 1998 ) . Exine sculpturing is diverse, most commonly being smooth (psilate), scabrate, foveolate, reticulate, spinose, or fossulate. Only one genus in Araceae has spherical, porate pollen like the fossil: Anthurium ( Hesse and Zetter, 2007 ) . However, these pollen grains have 3 -4 poorly defi ned pores (compared with one well-defi ned aperture in the fossil), and the grains are foveolate to reticulate or subrugulate (compared with psilate in the fossil) ( Grayum, 1992 ) . In addition, orbicules, which are so distinctive in the anthers of the Messel sedge, have not been reported in Araceae ( Huysmans et al., 1998 ) .
Thus, a better comparison is with the sedge family Cyperaceae, especially the mapanioid sedges, which most closely resemble the fossil fruits, infructescences, and pollen. Mapanioid infructescences are dense heads of fruits, and the fruits have a hard inner endocarp like the fossil. The oblong spike of densely packed fruits of Hypolytrum nemorum demonstrates the similarity in mapanioid infructescence morphology to the fossil. Infructescences of H. nemorum are most strikingly similar to the fossil because, unlike most other sedges that have prominent bracts, the infructescence of H. nemorum lacks readily discernible bracts or perianth parts; it is only after the fruits have abscised that these are clearly apparent. Several other mapanioid sedges have small infl orescences and small bracts that disintegrate with maturity, including H. longifolium (Rich.) Nees, H. sylvaticum Pepp. ex Kunth, and Mapania effusa . In other mapanioids, such as M. monostachya and M. cuspidata (Miq.) Uitt., the more prominent bracts disintegrate in older infl orescences, leaving only the fruits in the infl orescence (D. Simpson, personal observation). Similarly, the fossil infructescences lack obvious bracts or perianth parts. It could be that the fossil bracts are very thin and adpressed against the fruits, as they appear in digital sections of H. nemorum ( Fig. 6D ) , and are therefore obscured by compression, or that they disintegrated as the material lay in the lake prior to fossilization. Therefore, we cannot Other sedge fruits from the Paleogene have been placed in modern genera. Cladium P. Browne, Cyperus L., Dichostylis P. Beauvois, Dulichium Richard, Scirpus L. and Scleria P. J. Bergius are known from the Oligocene onward, with Scleria ranging down to the Eocene ( Mai, 1997 ( Mai, , 1999 ( Mai, , 2000 . There is one description of ? Mapania fruits from the Oligocene or Miocene (date uncertain) of Spain, but these probably require further investigation to confi rm the identifi cation ( Reid and Chandler, 1937 ) . The only Eocene fossil previously assigned to Scirpus , S. lakensis , was recently reidentifi ed as Cyclanthus (Cyclanthaceae, Pandanales; Smith et al., 2008 ) . Thus, we caution that critical evaluation is necessary for use of these fossils for dating purposes in calibrating phylogenetic trees. Leaves attributed to Cyperaceae should be approached with even more caution due to the diffi culties in distinguishing between isolated fossil monocot leaves.
Had the Messel fossils only been known from isolated fruits, they would have been placed in the form-genus Caricoidea ( Collinson, 1982 ( Collinson, , 1988 . Volkeria fruits resemble those of Caricoidea in the thick fl eshy mesocarp, hard endocarp with mucronate apex, and basal plug. Of the fruits we examined, Volkeria is larger than all four species but resembles fruits of C. arnei . Caricoidea angulata and C. jugata have tall, angular fruits that differ from Volkeria . Except for Caricoidea jugata , which has a thin endocarp not well distinguished from the mesocarp, Volkeria and the other Caricoidea species examined are anatomically similar. Caricoidea arnei appears to have laterally thick mesocarp ( Fig. 5G ) like Volkeria ( Fig. 5C ), though this could be because of compression of both fruits. With the exceptional preservation at Messel and recognition of fruiting heads with pollen, we have additional characters that allow the Messel fossils to be distinguished from Caricoidea and placed fi rmly within a new mapanioid genus, Volkeria .
Chandler (1962 , 1963 ) and Mai and Walther (1978) considered that fruits of Caricoidea compare most closely with Cladium and Mapania. The close similarities that we have observed between Caricoidea and Volkeria support the hypothesis that Caricoidea is allied to the mapanioids. One notable difference is that the fossil fruits of Volkeria and Caricoidea have a mesocarp that is twice to almost fi ve times thicker than the endocarp. Of modern taxa that we studied, the endocarp is typically smaller than the mesocarp, ranging from 0.4 to 1.4 times in thickness. A thorough study of Caricoidea is therefore needed to determine whether this form-genus represents a discrete extinct genus of mapanioid sedge, as suggested by Collinson (1983) . Detailed comparisons (including anatomy and multiple representatives to assess infraspecifi c variation) are needed between fruits of all species of Caricoidea , other Paleogene sedges, and modern Cyperaceae. Recircumscription of the genus Caricoidea may be necessary. Because the endocarps are hard, the fruits are diffi cult to section, but anatomical data will provide some important systematic characters. New systematic characters can be examined using novel techniques. SRXTM allows nondestructive study of fruit morphology and anatomy in multiple planes from a single specimen. Such extensive three-dimensional visualization is not easily achieved using traditional histological techniques and eliminates sectioning problems that result from the close juxtaposition of soft and hard tissues.
Volkeria is an important early sedge that is well understood because of the exceptional preservation at Messel. As far as we are aware, this record is the fi rst of in situ sedge pollen. The Messel fossils are the earliest occurrences of cyperacean fruitModern mapanioid fruits tend to have more pronounced beaks than the fossil fruits of either Volkeria or Caricoidea . The endocarps of both taxa are similar to those of mapanioid sedges with a thick, sclerotic endocarp with mucronate apex, narrowing at the base, and with a plug. The Messel fossils are more like fruits of Mapania palustris in having an almost smooth endocarp surface ( Fig. 6M, 6N ) , unlike the species of Hypolytrum that have a more rugose endocarp ( Fig. 6I -L ) . The fossils are distinct from extant taxa in the thickness and distribution of the mesocarp. Both Volkeria and the Caricoidea species examined have mesocarp much thicker (340 -480 µ m at its thickest) than in the extant taxa studied (140 -255 µ m at its thickest). The mesocarp of Volkeria is also about twice as thick as its endocarp, compared with the extant fruits that have mesocarps smaller than or slightly thicker (0.4 -1.4 times) than the endocarp. Mapania palustris is notable for having an endocarp that is much thicker than the uniformly thick mesocarp. Hypolytrum is different again from the fossil in having a mesocarp that is thicker at the apical regions. The presence of two lateral lobes of mesocarp (e.g., H. heterophyllum and M. effusa ) is comparable with Volkeria and some Caricoidea (e.g., C. angulata ), though with the fossils it is diffi cult to say how much of this is due to compression. Some of the variability in shape can also be attributed to packing in the infructescence. A comprehensive survey of fruits of all taxa in Hypolytreae ( > 125 species) is beyond the scope of this study, but future studies that incorporate anatomy will be valuable for assessing extinct fossil sedges.
Based on fruits, pollen, and infructescence structure, the fossil is most similar to tribe Hypolytreae, especially Hypolytrum and Mapania . The fossils differ from extant taxa in several features including possession of unique pollen, fruits lacking an apical beak, and possessing a smooth endocarp and a mesocarp that is twice as thick as the endocarp. The Messel fossils represent a distinct taxon, here named Volkeria messelensis gen. et sp. nov. In the future, recognition of additional features may allow a more precise placement of the Messel fossil within the subfamily. For example, knowing how the infructescences (spikes) of the Volkeria were borne (e.g., singly, dense panicle, corymb, capitulum, or panicles) would allow more detailed comparisons with extant taxa because these are all types found in Hypolytreae ( Goetghebeur, 1998 ) .
Fossil Cyperaceae -Several cyperacean form-genera have been erected for Paleogene sedge fruits. The fossil genus Cladiocarya Reid & Chandler (1926) ( Mai, 2000 ) is characterized by fruits with two longitudinal ridges, a truncate neck closed by a plug, and large, broad surface pits. Scleriocarya tribrachteata Chandler (1963) is known from the Eocene of southern England. These fruits have a characteristic trigonal base, and some show the remnant of a thick basal bract, features that strongly suggest an affi nity to Scleria ( Chandler, 1963 ) . The form genus Caricoidea was erected " for fruits or endocarps belonging to the section Caricoideae of the family Cyperaceae " ( Chandler, 1957 , p. 86) and was subsequently revised by Collinson (1978 Collinson ( , 1983 and Mai and Walther (1978) . It should be noted that the fossils do not actually fi t the current concept of Caricoideae (i.e., Carex and allies; Goetghebeur, 1998 ; Simpson et al., 2007 ) . Caricoidea fruits are known from the Paleocene to Pliocene of Eurasia; 11 species have been recognized to date ( Chandler, 1964 ; Collinson, 1978 ; Mai and Walther, 1978 ; Nikitin, 2007 ) . Caricoidea fruits have also been described from the Brandon lignite of the eastern United States ( Tiffney, 1994 ) . not grassland precursors and did not form open herb-dominated landscapes.
Conclusions -A new taxon of extinct sedge, Volkeria messelensis , is recognized on the basis of exceptionally preserved fossils from the Middle Eocene of Messel, Germany. Fruits were previously identifi ed as Caricoidea , a widespread formgenus in Eurasia. However, additional characters provided by infructescence structure and pollen allow the distinction of Volkeria from Caricoidea . Our study demonstrates the value of using multiple techniques (light microscopy, SEM, TEM, fl uorescence microscopy, and SRXTM) because different characters are revealed with each technique. In particular, SRXTM is a sophisticated tool for examining the anatomy of these fruits. As a result of the close juxtaposition of hard endocarp and soft mesocarp, these fruits are diffi cult to section using traditional histological techniques, and anatomical information was limited. Thus SRXTM opens up new avenues for research in sedge systematics. The rarity of fossils with noteworthy features, such as pedicels or staminate/pollen remains, emphasizes how crucial it is to have large sample size of specimens and to continue collecting localities for long periods of time.
These rare but important features enable determination of fossil affi nities to the early-divergent sedge subfamily Mapanioideae. The Messel fossils are most similar to tribe Hypolytreae. Therefore, Volkeria provides a new calibration point for future studies of the timing of sedge evolution. Modern mapanioids are tropical forest or swamp dwellers and, unlike most sedges, mapanioids have few to no phytoliths. This ecology and lack of phytolith production mean that Volkeria and Caricoidea were not grassland precursors. Volkeria and Caricoidea are inferred to have occupied a similar habitat, in tropical forests or as marginal wetland plants, an environment quite different from the open landscape typically envisaged for modern sedges.
